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INVESTIGATION OF A METHOD OF COMPARISON OF METALLIC SURFACE
CONTOURS BY MEARS (F STEREOSCOPIC ELECTRON MICROGRAFPHS
By Allen S. Powell, Thomas P. Clark, and Milton C. Shaw
SUMMARY
Object. - To determine the feaslbillty of measwring surface

contours with an aerial-mapping contour finder on stereocacopic elec-
tron micrographs of replicas of metal surfaces.

Scope. - Peak-to-valley distances of metallic surfaces finished
by eight different methods were measured with a surface analyzer,
with a Profilometer, and by taper sectioning. The values for the
surface contours thus obtalned were used as guldes for testing the
feaslbility, the scope, and the accuracy of surface-contour measure-
ments based on stereoacopic electron micrographs of positive and
negative replicas of the standard metallic surfaces. Methods of
Prepering and photngraphing the replicas were critically investigated.
Stereoscopic electron micrographs of an aircraft-englne cylinder wall
and semipolisbed surfaces have been prepared.

Summary of results. - The magnitudes of surface elevatlions
measured by an aerial-mapping contour finder on these micrographs
are of the order of one-tenth the magnitude anticlpated for vertical
dlmensions on the basls of resulte of surface-analyzer, Profilometer,
and taper-section determinationa. Contour-finder measurements of
such smaell magnitude are unreliable for quentitative comparison of
metallic surface contours. In spite of this limitation, stereoscoplo
plotures are an ald to the study of the fine structure of metals
beyond the resolving power or light and give a qualitative represen-
tation of the third dimension of surface contours, whlch cannot be
obtalned by light micrography.

INTRODUCTION

It hae been observed that the magnitude of the coefficlent of
friction and the amount and rate of wear of lubricated swrfaces are
dependent upon the roughness of rubbing surfaces. Two theories have
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been developed as to the degree of finlish that should be given to
rubbing surfaces. The flrst theory maintains that surfaces should

be made as smooth as 18 technically feaslble; the second maintains
that Interrupted surfaces of moderate roughness make better opera-
tlon possible. In order to examine the two theorleas by a series of
critical experimenta, a method of determining the absolute shape

and magnitude of the peaks and valleys that form a surface 1s required.

Numerous methods have been proposed for determining surface
contours. A most complete treatment of common methods has been pre-
sented by Schmaltz (reference 1, pp. 28-107); other comprehensive
reviews have beon written by Way (reference 2) and Bikerman (refer-
ence 3). Taper sectioning (reference 4) 1s a sultable method for
use in research wlth certain types of surface., Tracer instruments
(references 5 and 6) are valuable for production control of surface
finishes. These methods, together with all the other common ones,
are limited to use with specimens for which the peak-tc-valley
distances are greater than 10 microinches (referesnce 7). The error
ir measurement of surfaces by coamsrcial tracer instruments with
peak-to-valley distance of 70 to 80 microlnches 18 approximetely
40 percent (reference 2).

The electron microsccpe has been used as a qualitative instru-
ment in surface-contour studles with conslderable success, largely
because cf its great resolving power. A few quantitative studies of
surface contour, in which the electron microscope was used, have
also been made. Measurement of the density varlation of a surface-
finish elactron micrograph has been suggested as a means of evalu-
ating peak-to-valley distances (references 8 and 9). A serious
obJection to this method ls that the back of the replica fllm 1s not
flat, which makes the interpretation of densitometer readings
Inaccurate. It is also difficult to obtain equivalent exposuros
with different specimens.

Another method of employing electron micrographs in surface-
finish studies has been proposed by Holdenreich (reference 10). The
relatively great depth of focus of the electron microscope (1 to
10 microns) enables stereosccpic electron micrographs to be made of
a gpecimen and enables the parallax of a palr of stereoscoplc elec~
tron micrographs to be obtained. A study of the application of this
method to metallographic investigations und a preliminary test of
1ts application to a mechanlcally finlshed surface have been made by
Heildenreich and Matheson (reference 11). In order to determine the
feaslbility, the scope, and the accuracy of this method for surfaces
dealt with in airoraft-engine ressarch, the investigation herein
described was conducted at the NMACA Cleveland. laboratory from
November 1943 to June 1944.
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THEORY OF STEREOSCOPIC DEPTH MEASUREMENT

Depth evaluations of surface contours may -be made by measure-
ment of parallax on a three-dimensional imege. Stereoscoplc images
for perallax measurement may be obtalned by taking two successive
photographs of an obJect with the camera dlsplasced laterally between
plotures. The source c¢f parallax in such a stereoscopic palr of
negatlves and the method of using these photographs to reconstruct
the obJject into a three-dimensional image is shown in figure 1. In
addliticn to this qualitative picture of the spatial positlion of
point C above the base line AB, the elevation of point C may be com-
puted frcm a knowledze of the parallax of peoint C with respect to
point A or B on the negatives (A1C; - AsC; or BpCp - ByC;), the
focal length of the lens, and the locatlons of the camera relative
to the obJect.

Because of the limited fleld of the electron mlcroscope, it is
not feasible to obtaln a stereoscopic pair of plctures by shifting
the obJect relative to the photographic plate. The great depth of
focus of the elesctron micrcscope makss it posslble to obtain stereo-
acoplc pictures by an angular dlsplacement of the object about an
axis perpendicular to the optical axis of the microacope. A
dlagrammatic view of the speclal specimen holder that is requilred
vhen stercoscoplc electron micrographs are made is shown in figure 2.

The source of the parallax, which gives rise to the stereosccplc
effect in a pails of electron micrographs, i1s shown in figure 3. The
lines representing the peak-to-valley distance of & scratch on a
surface at a distance OA or OK from the cptical axis are AB and KL.
The angle O 1is the angle between the specimen plane and the plzane
normal to the electron beam and is 4° when the standard RCA stereo
specimen holder is used. The parallax introduced on the photographic
plate 1s equal to the quantity H"J" - D"C" when the plane of the
specimen is rotated through an angle equal to 20. The following
relation (reference 11, p. 425) between the measurable parallax on
the photographic plates y, the total magnification M, the eleva-
tion of the point on the surface x, and the stereo angle ¢ 18
derived in appendlx A:

y=2mMgin O (1)
Heidenreich and Matheson show experimental verification of equa-

tion (1) in reference 1l and give a chart for checking parallax
readings and elevations fcr various stereo angles.
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APPARATUS AND EXPERIMENTAI, PROCEDURE

Replica technique for electron micrography. - Teu replica
techniques were employed 1n this investigatlien. The flrst was the
polystyrene-silica method proposed by Heidenreich and Peck (refer-
ences 12 and 13). For this series of experiments, pleces of sheet
steel 3/4 inch by 1/2 inch by 1/16 inch were mounted in bakelite
and surfaces of four different roughnesses were prepared. The
finishes were obtalned by polishing on 000 metallographlc paper,
polishing on 0000 metallographic paper, lapping with 600-mesh car-
borundum on a wax lap, and lapping with levigated alumina on
broadcloth.

The preparation of tubble-free polystyrene replicas proved to
be difficult. Scuffing of the mcld when using polystyrene was also
troublescme. These difficulties were eliminated by substituting
_methyl methacrylate molding powder for polystyrene. Molding condli-
tions fcr this resin are a tcmperature of 135° C to 150° C and a
pressure of 2000 to 3000 pounds per square inch. Clear moldings
were easily obtained under thesr conditions. The use of methyl
methacrylate requlred a different solvent for removing the positive
sllica replice from the negative plastic replica. Chloroform proved
most suitable for this purpose. No other changes ln the technique
of Heidsnreich and Peck (references 12 end 13) were necessary.

Fxperiments woere also made with a repllica technique developed
by V. J. Schaefer (references 14, 15, and 16). A 0.5-percent
solution, or for the rougher surfaces a 0.75-percent solution, of
polyvinyl-formal resin in dloxane was used for preparling the replica
films, which were mechanically stripped undsr water. A set of the
standard specimens was used to prepares polyvinyl-formal replicas.
This procedure ylelded a negative replica of the surface, whereas
the two-step plastic-sllica method gave a positive replica. It was
found necegsary to clean the metal surface carefully before preparing
the replica. An effectlive method of cleaning is to strlp two or
three prelimirary films from the surface. The dioxane employed muast
te dry or difficulty will be experienced with under-water stripping.
Molsture in the solution was clso found to cause loss of resolving
powor in the replica. Diloxane used t2 prepare the solutions for thils
investigation was dried by distlillation over sodlum. A humid atmos-
phere caused the film to blush upon drying, making i1t impossible to
strip the replica. Stereoscopic determinations of surface contours,
which should be directly comparables with the tracer- and taper-
soctlion determinations, were made from stereoscopic electron micro-
graphs of negative replicas prepared by thils technique.
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Preparation of standard surfaces. - In order to determine the
order of magnitude of surface irregularities of commerclally finlshed
-surfaces,.elght different.types of finlish - planed, shaped, milled,
ground, polished on 000 metallographic paper, lapped, polished on
0000 metallographic paper, and polished metallographlocally - were
prepared on steel blocks 1 by 1 by 1/2 inch and the surface finishes
wvere measured by a surface analyzer, a Profilometer, and with taper
gectlioning. . .

The surface analyzer and the Profilometer had tracer points of
500-microinch radiuvs. The surface analyzer was equipped with a meter
directly reading the rms deviation from the average surface level
h.,, &and a recording oscillograph, the chart of which gave the maxi-

mum peak-to-valley distance hpsx on the surface. Photomlorographs

at 2 magnification of 100 dlametoers of the profiles of 25:1 taper
sections were measured to determine another set of hmizxy values for

" the standard specimens. Two obeervers made check readings at three
polnts on the surfaces. These three points were obtalned by grinding
back the taper-sectlon profile twice in addition to the original
preparation. Photomlorographs of the profile were taken for measure-
ment after each grinding and polishing step.

Proparation of storeoscoplc slectrcn micrographs. -~ The sterec-
scopic olectron micrcgraphs werc t.aken with a type EMB-4 RCA micro-
scope and a standard RCA 4° angle sterso specimen holder. A
30,000~velt accelerating pctential was usod to prepare micrographs
of nogative polyvinyl-formal-resin replicas; a 55,000-vclt acceler-
ating potential was used to prepare microgrinphs of posltlive sllica
replicas, Under these conditions high contrast imnges could be
obtained by controlling the thicknoess of the replicas., In the case
of negative replicas, thickness was controlled by the concentration
of the polyvinyl-formasl solution and, in the case of positive
replicas, by the amount of sllice evaporated. Standard RCA 200-mesh
specimen screens having square holes, 0.0025 inch on a silde, were
used for mounting the replica f£ilms.

The orientation of the stereoscoplc base line 1s governed by
the lens currents and accelerating notential of the electron beam
used in taking the plctures. This base line is the 1ntersectlon of
the plane in which the angle *0 is turned with the plane of the
photographs (that is, perpendicular to the axis of rotation) and
must be found experimentally. A specimen screen was folded over
along a diameter in the stereo specimen holder with the folded edge
lying In the plane in which the stereo angle 1s generated to deter-
mine the base line. Pairs of plctures of the edge of the folded
screen were prepared under the various conditions used in making the
stereoscoplc electron micrographs, From the ccrresponding negative
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the proper orlentation of stereoscoplc pairs ocould be determined for
mounting prints. A base line determined in this manner can deviate
approximately 10° from the true value without affecting the accuracy
of contour measurements (reference 11). Pictures are best mounted
by fusing the images while observing them through a stereocscope.
When the plctures are lnterchanged from left to right, the sign of
the parallex changes but 1ts megnitude does not. One arrangement of
pictures usually appears to give a better sterecscopic effect than
the other. .

Fielde close to the center of the specimen screen were chosen
in order to prevent discrepancy in magnlification between the two
settings of the sterec specimen holder. Magnifications were deter-
nined from micrographs of a negative replica of a 30,000-1ine-per-
inch grating and are accurate to 10 percent.

] Measurement of parallax. - Parallax was measured by an Abrams
model FC-2 aerial-mapping ccntour finder. Figure 4 shows the con-
tour finder and the mechanlsm used to keep the instrument allned
with the stereoscopic base. The alinement mechanism is a conven-
tional drafting machine A; B and B' are adjustable lenses
having magnifications of 4 dlameters; C 1is a Fixed dot that 1s set
over a point in the left-hend picture; D 1s a movable dot that 1s
set over the corresponding point in the right-hand picture; E 18

e dlal-type indicator greduated in 0.0l-millimeter divisions to glve
the position of D along the base line; F 1s a dlal-type indicator,
vwhilch can be used to determine the displacement of C perpendicular
tn the stereoscoplic base necessary to compensate for distortion in
the photogreaphs.

In order to use the contour finder, the plctures are first
mcunted with their stereoscopic base lineas co-linear and adJjusted
laterally until they fuse. The instrument is then moved until C
falls upon a selected control point. Then D 1s moved until it is
superimposed on C and on the apparent position of the stereoscoplc
lmage of the control point. Indlcator E 1s set at zero and the
parallax of all other pointa is measured relative to the control by
the same procedure. If the elevation of this control polnt 1s known,
the parallax readings can be converted to absolute heights. If the
control-point elevation 1s not known, all heights and depresslons
are camputed relat.ve to the selected point.

DISCUSSION OF METHODS AND RESULTS

Measurements on standard surfaces for comparison with stereo-
graphic debterminations. - The results of surface-apalyzer, Profilom-
eter, and taper-section evaluations of hpgaxy for the surface
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standards used in this investigatlion are shown 1n table I. BSome
typlical taper sections are shown in figure 5. Values of the maximum
peak-to-valley distance in tho taper-section profile could be
measured to 0.02 inch, which represents 8 mlcroinches In the verti-
cal direction for this Investigation. The poor precision of these
results 1a due to depenflence of results on the Judgement of the
observer and to the actual varlation of surface roughness from point
to point on the surface. The ratlo between hy,, and h.,, Wwas

taken as 10:3 for approximate comparison of taper-section and
tracer-instrument measurements. (See reference 2.)

Surface-analyzer and Prcfilometer measurements give lower
values for maximum pesk-to-valley distance than taper sections. As
appendix B shows, the relatively large tracer-polnt radius ls presum-
ably the source of this error. The circult convorting tracer-point
motion to hy.,. values apparently further lowers the results, as

" shown by comparison of hypg values from the meter and from the

osclllograph chart of the surface analyzer. It svems probable that
taper-section readings of hyax are also low owing to the tearing

away of nlckel from tho pointa of the profile; for example, in fig-
ure 5 the bluntness and raggedness of the points of the milled-
surface taper section indicate the pulllng away of nickel during
proparation of this section. Nickel in valleys 1s much less likoly
to break off than metal In the perks beczusc 1t is supported to a
greater extent. In spite of these ccnsiderations, surface-contour
determinations bty taper sectioning are thought to bw more accurate
than determinations mede with the tracer instruments (reference 4).
The peak-to-valley distances measured on taper-secticn proflles are
probably of the correct order of magnitude.

Measurement of Stereoscoplc Electron Micrographs

Scope of the plastic-silica replica method. -~ A number of fac-
tors 1lmit the fileld of usefulness of stersoscoplc electron micro-
graphs 1n surface-finish measurements. About the roughest surface

that has been reproduced in silica was one finished on 000G metal-
lographic paper. Table I shows that such a surface has a peak-to-
valley distance of approximutely 55 microinches (13,750 A). During
the present investigution, efforts falled to produce silica replicas
of surfaces rougher than those finished by polishing with 600-mesh
carborundum. The deep scratches in rougher surfaces caused the
silica films to break up as they came off the polystyrene or mothyl
mothacrylate. When ailica fillms were made strong enmough to hold
together during removal from the plastic, they were too thick to
transmit the electron boam. Only a narrow range of thickneas of
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8illca replica seems sulitable for reproduction of polishsd surfaces.
Control of the silica evaporation 1s not precise enough to permit
attaimment of proper replica thickness except by numerous repeti-
tions. Heidenreich and Matheson (reference 11) obtalned replicas
from surfaces with elevations up to 120 microinches when etched
metallographic specimens wlth an irregular lay were used. In the
cass of mechanically finished speclimens, the regular lay of the sur-
face finish caused the silica replica to tear alcng the sharp adges
nf tho parallel finish marks to such an extent that the whole
replica easlly ruptured., Etched surfaces, however, have only short
tdges of the typo found Iin commorcial surface finishes, the tendency
to tear 1s less, and the silica replica is less likely to disinte-
grate.

Silica replicas can be used at the highest magnlficatlon availl-
able i1n the RCA electron microscope. Occaslonal replicas attaln the
the resolving power of the microscope, which is at least S0 A,
although a day-to-day average replica resolution of only 150 A can
be maintalned. Measurements on an enlargement of figure 6 show that
peints closer than 150 A apart can be clearly dlstinguished as
separate. The speclman was deep-etched Inconel, the structure of
vhich !s almost antlrely beyond the limit of resolution and dopth
of fccus of the light microsccpe. Qualltative studles of such deep-
atched or submicroscoplc structures have been the maln applications
of thke electron microsccpe in the examlnation of metal surfaces,

Scope cf tho polyvinyl-formel-resin replica. - Polyvinyl-formal
replicas mey be mude of rough surfaces because they are strong
enruth t9 wlthetand more atrupt surface variations than silica
replicas. Negative replicas were taken from surfaces as rough as
thcee formed during the average grinding process. Edges and cornors
in theso replicas are nct sharply defined because of a building up
the thickne=ss cf tue plastic film At such discontinuities of the
surface is a rosult of the asurface tension of the polyvinyl-formal
golutior. Figures 7 and 8 wore made from nupative replicas and
11lugtrate the resclutlon obtalnable with this type of replica in
1ts prosent state »i' development. Stereoscopic eloctron microgranhs
of polyviryl-formal raplicas showod some say.lng of the resin film
at ths center of specimen screen holes, indicating a slight distor-
tion of the replica as a result of mounting.

Moasurement of Surface Contours

Equation (1) shows that parellax is a fimetion of magnification
and sterec-holdor =anzle. If 17-percent precisicn in parallax
measuramont with the contcur findor 1s sought, when a peak-to-valley

height of 10 microinches (2.7 X 107¢ mm) 1s being measvred from
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stersoscopic electron micrographs made with a 4° angle stereo speci-

__men holder, it is evident from equation (1) that the magnification
" of the sterécscopic peir measured must be- - - -

10 (0.02)

(2.5 x 10°%)(2)(0.0698) = oTe0x

or greater. The factor 0.02 millimeter is the preclsion of the
contour finder, which was verified by the tests reported in appen-
dix C. Stereoscoplc electron micrographs at a magnification of
2500 dlameters should be measurable with a precision of 20 to

25 percent 1f 10-mloroinch elevation dlfferences are present. The
0.02-millimeter-diameter floating dots of the contour finder are
responsible for scme loss of precision. In order to be accurately
measured, a polnt or line must be resolved to a dimension less than
the diameter of the dot. As a result the contour finder can be

- applied only to clear, sharp plctures. The stereoscopic electron

mlcrographs availatle did not meet these conditions.

Parallax measurements were made on figure 7, which is a stereo-
scopic electron micrograph at a magnification of 2500 dlameters of a
netative replica taken from a surface polished on 00C metallographic
paper, and on figure 8, which is a sterseoscoplic electron mlcrograph
at a magnification of 5000 diameters of a replica from an aircraft-
cylinder wall. The results are presented in the following taeble:

\\\\\Eeasured Relative elevation Stereographic
point => (microin.) peak-to-valley
\\\\\\\\ distance
Burface A B c D E F

) <3 (Bpay)

Steel polilished !
with Q00 paper
(fig. 7):

Observer 1 0 S -5 -7
Observer 2 0 0] 0] 0

- 12
23 23

[ ]34,

Honed alrcraft-
cylinder wall
(fig. 8):

Observer 1 0 1 -5 81| 17 7 22
Observer 2 0 -8 {-30 0 0 -3 30
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Lack of reproduclbility of results by different observers aroge
from lnabllity to measure exactly the same polnt owlng to low
resolving power of stereoscoplc electron micrograph negatives, which
made enlargements greater than a magnification of 2 dlameters show
graininess under the contour finder, and to the inherent inability
of the replicas to reproduce sharp corners and edges. Thls charac-
teristic of the replicas made it useless to work with negatives
taken at magnifications above 2500 diameters., A typlcal example
of the precision obtained may be taken from the individual measure-
ments of point F (fig. 8) on the honed cylinder-wall stereoscopic
electron micrograph. The elevations of point F were 3.3, 8.8,

8.8, and -3.3 microinches (average, 4.4 microin.). The maximum
deviation from the mean was 7.7 microinches or 175 percent. It is
ovident that the results are not quantitatively reliable.

The principal cause of poor preclsion expressed on a percentage
basis was that the magnitude of the parallax readings obtained was
close to the limit of the parallax measuring method. This magnitude
was only = tenth of that expected on the basis of measurements of
surface roughness by other methods. The hp., value fcr a taper

section of a surface polished on 000 metallographic paper 1s about
93 microinches according to table I. From the stereosccplc electron
micrographs (fig. 7), the hpex value is found to be 10 to

25 microinches, The hmaxy value of the honed cylinder-wall speci-
men (fig. 8) was camputed to be 16.7 microinches (10/3 X the h...

meter reading, 5 microin.). No taper section of this specimen was
prepared but the maximum peeak-to-valley distance on its surface
must be in the range from 50 to 150 mlcrolnches cn the btasis of
taper-section results for the finer surfaces shown 1in table I.
Parallax measurements on figure 8 give the h,., value as 2C to

40 mlcroinches. Heldenreich and Matheson (reference 11) have
reported measurements »n a polished steel surface, the finish of
which was cbtalped on e felt wheel using meznesium oxlde as the
abrasive in watei. Thils polished-steel surface corresponds to the
metallographically polished surface in table I, which has an hp .,

value of approximately 40 microinches. The greatest elevation 4if-
ference measured by Heldenrelch and Matheson corresponds to 2 mlcro-
inches. These results suxgest a discrepancy between the electron-
optical conditions assumed 1n deriving ejquation (1) and the
conditions that actually exist during the preparation of stereoscoplc
electron micrographs.
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Possible Sources of Low Stereographic hy,, Values

Because of tihe poor definition in the micrographs taken in this
investigatlion, the possibility that low bpay values are entirely

due to an unsatlsfactory replica method must be glven the greatest
wolght. Several othor factors are worthy of ccnslderation. Equa-
tion (1) shows that the parallax found on & pair of stereoscopic
electron micrographs is a function of magnifiocation, stereo angls,
and surface elvvation. For glven olevatlons and a fixed stereo
angle, reference 1l had shown experimentally that the relation
betwoen ¥y and M 1is lincar. This relation wns tested only for
oxlde replicas from deep-etchod alumimumm and thereforoe does not
ontirely exclude the possibility of a nonlinear relation between ¥
and M 1f other types of replica were conaidered. It is more
likely, however, that the causu for low hpay valuos should be

sought in some other factor. One possibility is that the variation
of y with 0 muy not be sinuscidal. Heldonreich and Matheson
have not reportod « test of thias wvarisble. Thoe ngle between beam
and specimen cun be difforent from the anglo botwoun spocimen and
microscope axle Lf tho beam is not parallel to the axis. The deri-
vation of cquation (1) assumese that angle J 1s tho angle botween
the specimen plonc and the plane novmal to thu electron beam.
inother possible source of low bpax values is an olectron-optical
effoct In the lens system reiucing the parallnx appearing in the
final images. Without calibration for known ¢levatlons in the rango
up to hp,y valucs of 100 microinchos, contour doterminations from

sterooscopic clectron mlicrographs cannot bo considerod reliable. No
mothod of preparing such eluvation standards is now known.

Limitations on Storeoscopic-Contour Moasuremeonts

A primary royulioment for accurate, preciso evaluutlon of sur-
fice contours 1s calibration of the stercographlc mothod ns dlscussed
In the preceding section. Magnification calibrations of the micro-
scope are limited to an accuracy of 10 percent at presont and give no
indication of spatial distancus., Thoe highust magnlflention attaln-
able for surface-contour moasurements i1s rostricted to that at whioch
a peak and a vulley on the surface replica still appear 1n the same
flold. 8ilica roplicas can be used at this magnification or higher
but those replicus cannot be taken from surfaces with hpy,y values

groator than approximately 50 microinches. Although figures 7 =2nd 8
show surface-~finish scratches as decp as they arcv wide, the ratlo of
scratch wldth to depth may bo as high as 20:1 for some types of
surface. BSuch scratches might be toc wide to appear in a slngle
fiold at the low magnification 1limit of the RCA electron microscope.
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Improved repllca technlques will have to be devised to incroase the
preclslon of the stereographic method in 1ts applicatilon to surfaces
of interest in alreraft engines.

It 1s not practical to employ the light microscopo for deter-
mining peak-to~valley distances by the perallax methed. For very
smcoth surfaces, there 1s insufficlont parallax at the highest
powors obtainable; for coarse surfacos, there is insufficlont depth
of focus to have both a peak and & velley in sharp focus simulta-
noously.

All the sterooscoplc electron mlerograrphs pi'epared showed a
maikod threo-dimensional effcecct. Such three-dimensicnal pictures-of
swfices at high magnification are 1 distinct advanco towand g2ining
an Inslght :nto tho charactor of the fine structure of a surface and
1te change duo to wear. Improvemcnt In repllca methods would be the
noxt logicil stup forward from thu prrosont work. At prosont, only
qurlitative camparison of surfacos firished by difforent methods czn
bo made with ozrtilnoy. The differcnce 1n performance of suriaces
propaed by dlffercnt muthods may, ot courso, to attributable to
variations in contour on 2 qualitative scale.

RESULTS

1. Quantitative mcasurcmonts, which wore takon durlng this
investigation, of curfiaco coatour by.y from tho stoercoscopic elec-

tron mlercgraphs, aroe umcertaln to more than i+50 percent of the
valvues msasured. The stervographic bpy-x values arc aboubt 10 per-

cont of tke magnitude that would be nredicted from tupeor-section and
tracor-Iinstrument moasuroments. Prouision in parrllox measvrement
is logt owing to low plate resolulion and blwrring of the images cf
sharp discontinuities of swrfaces, which is probably characteristic
of tho polyvinyl-formal-resin replica. -

2. The dlscrepancy between storoographic values of surface
roughness and valuca obtalncd by othar measuring methods indicates
that probably elthcr somw fictor invelved in the method of preparing
storeoscoplic clectron mlcroyraphs gives erroncous parallax values or
some false assumption has been mado in tho dorivaticon of the equa-
tion used to convert parallex readlngs tc elovaticns.
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CONCLUSION

... Stereosgoplc electron micrographs of surfaces of.the type used
in aircraft engines can be prepared. These micrographs facllitate
camparison among surfaces of different fine structural character-
istice that are beyond the resolving power and depth of focus of the
light microscope.

Alrcraft Englne Research Latoretory,
National Advisory Committee for Aercnautics,
Cleveland, Ohlo.
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APPENDIX A
DERIVATION OF PARALLAX EQUATION
Heidenreich and Matheson (refersnce 11) have presented a deri-
vatlon for the electron-micrcscope parsllax equation but the sig-
nificance of the simplifying assumpticns and the limltations cf the
firel equatlons are not so evident as 1n the fcllowing derivation:

From the dlagram in figure 3, let

x =AR cr KL
P =0A or X
d = 0G
Thon
EB
OC=md
0C - (b cos 9 + x sin J) a
Y " (bsein 0-xcces I+ 4)
Likewlse
FA
OD=F§d
oD = P cos O
b sin 0+ 4
PK
GH_?—Gd
b cos O
0H=d—b31no
QL
0 =— d
QG
nJ = becos - x 8in O

d ~bsinJd-~-Xc¢cosJT

The diffsrence in parallarxr on the photographic plate §y 1is
squal t E"J" mninus D"C" and
f

!

y=M(HJ-DC)

where M 18 the over-all magniflicatlion.
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y=M[0J - CH - (OC - OD)]
_ Poosg-x8ing boos G b cosgix eln o . b cog o
y=Md d-b sin 0-x cca 0 d-b 8in O D ein O-x cos o+d d4+b 8in C

y=Md (x2 + b2) sin 2 o-2xd 8in 0 _ b2 min 2 O
(d - x cos 0)2 -b% gin® g d° - b° sin® o
but
X cos O<<d

b 8in O<<d

Therefore, to a good approximation

2 -
y=Mﬂ.(I sin 2 g 22:dsino)
a
but

2
8in 23 <<2 x8ln ©

FI-IH

Therefcre

y=2xMs8ln J

It is thus seen that for all practical purposes the amount of
parallax is independont of the distance of the point from the optical
axris. The fact that parallax varles dlrectly as the first power of
the peak-to-valley distance greatly simplifies the lnterpretation of
parallax measurements.
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APPENDIX B
LIMITATION OF TRACER INSTRUMENTS

The limitaticrs imposed upon the range of usefulness of tracer
instrumsnts ty the finlte radius of the tracesr point has been
recognizcd end discussed Ly several authcrs (referonces 2, 5, and
1, p. 67). Tho following simple computetion shows tho magnitudo
cf this errcr f-r a hypothetical surface having a saw-tcoth conbtour
cl wave length 1 and peak-to-valley distunce h (fig. 9). For
& Sracer polrnt cf finite radius r, thure will bo a hulght h,,
below which the tracer may not penctrate. The percentage error
wlll te 100 hg/h.

From figure 9

L ten a
2
gin a = __E:
1/4h2 + L2
In trilargle DAB
sina=S8=_25
JA r o+ ho
Therefcre
r L
CERIE S FININE X

Practical wvalucs of th~ scratch width to peak-t:-valley denth
rati> (L/h) ronge frem 25:1 to 5:1 «r leas. The following table
shows the minimum pesk-to-villoy distance thot miy te moasured with
errcrs of S0 end 5 parcent, with a 0,0005-inch tracer radius ani
the values nf scratch width to peak-to-volley distance ratio

indicated. p

I
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Ratio of soratch

Minimum h accurate to

width to depth |50 percent | 'S5 percent
(microin.) | (microin.)

25 3.19 31.9

20 4.98 49.8

15 8.85 88.5

10 19.80 198.0

5 77.0% 770.3

1 123.861 1236.1

17
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APPENDIX C
TEST OF THE AERTAL-MAPPING CONTOUR FINDER

An experiment was performed to test the accuracy and the repro-
ducibillty cf the aeriul)-mepping contour finder. A stereoscoplc
system simulating that utilized In the electron micrcscope was set
up as diagrammed Iln figure 10 and the following mathematlcal expres-
slon for the purallax occurring vas derived. Let
z sgpacing of bands cf objJect

B angle of specimen from plcture plane

0G
M=s5-70
PG = PR s3in B
0 G
M PG - PR sin B
HB = QR = LN = AB ccB B
BC =SR =KN=AB agln B

BF = JL = AB sln B tan ©

D'C' =M (AB cos R - AB sln B tan 2)
J'K' =M (EN cos f - EN sin B tan O)
¥y =JK' - DO
=M (2 AB sin B tan O) (2)

2 Mz gin f tan O

Equation (2) was used to calculate the parallax for ceveral
values of 2z and a oard was moade having, alternate tlack and white
bunds for these d'ficrent velues f z. Thbils card was pasted on a
box at an anglc B of 45°. Thc setup wns photographed at two equlv-
alent displacenents of O, one on sach side of the center lire OF
(fig. 11). The negatives from these pictures were examined with a
measuring microscore having a (.00L-inch scale. Because of grain
and lack of resoluticn, the limit of accuracy was +).000% inchl,

The absolute parallux was determined by subttracting the smaller
readlng frcm the larger readlng of the width of the same band on
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the two negetives. Enlargements to a magnification of 5 dlameters
were made of the negatives and these were exemined for parellax
with the contour finder. The parallax on the prints was measured
in two ways to meke sure that the error found was in the instrument
rether than in the operator's technique. The parallax was first
measured in the accepted menner by adjusting the optically fused
dots to a level with the elevatlon to be determined and this value
wasg compared with one found by meking each dot tangent to the
elevation edge in its own picture. The two methods gave the
fellowlng equivalent results within the limits of experimental
error:

Values of spacing 8,92 17.0 16.9 20.6 24.2

of bands of

obJject =
(um)

Calculated par- 0.40 0.59 0.76 [0.835 (1.080
allax y for
1/i0 M

Value of parullax | 0.375 0.625 0.750 0.837 1.100
Y measured on
negative

Aversge of par- 0.372 | 0.552 |0.693 JC.852 |1.032
allax y on
print using
contcur finder

Meagurement of 0.40 0.50 0.60 0.85 1.00
prarallax y on
print with
mi croscope

Maximum variation 0.02 0.02° 0.02 0.01 0.02
of reedings from
average

Percentage srror 0.1 12.0 9 1.2 - 6
of average from
actual value on
negative

The table of results indicates that +0.02 millimeter repro-
ducibility of readings with the contour finder is possible. The
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values obtained with the contour finder compare favorably wlth the
values found by measurement of the negatives. In electron micro-
grephic work, this accuracy 1s largely lost owing to diffuse replica
edges and low plate resolution.
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TABLE I - AVERAGE MAXIMUM PEAEK-TC-VALLEY DISTANCE bp,, OF STANDARD
SURFACES FOR COMPARISON WITH STEREOGRAPHIC DETERMINATIORS

Type of surface

| l Polished Polishedj Polished
Method of measurement Planed ; Shaped |Milled | Ground | 000 Lapped }0C00 metallo-
paper paper |graph-
| fcally
Surface analyzer:
Oscillograph trace, !
microinches [[ECTTET [FETRRPI PR 151 35 165 13.3 19.8
10/3 hypyg meter
reading®, microinches 187 80 60 12 22 5 5
Profllometer:
10/3 hypg meter
reading®, microinches 213 87 60 14 26 4 4
Taper section:
Mean value, microinches 554 | 209 184 93 83 55 39
Mean deviation, micro- ! :
inches 32 '+ 32 30 18 1 19 6
Percentage deviation i
from mean 6 | 16 16 20 2 33 16

aFa.ctor from reference 2.

Netional Advlsory Committee
for Aeromautlcs
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|

l—— Stereoscope
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Figure 1. - Illustration of the parallax in a stereoscopic
pair of photographs aond production of g three-
dimensional! image.
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Stereo specimen holder Stereo specimen holder Specimen rotated through
in position for first rotated through 180°. 180° in position for
photograph.

second photograph.
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Figure 2. - Diagrammatic view of eiectron-microscope stereo specimen holder.
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- Photographic plate
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Figure 3. - Parallax construction for stereoscopic electron
micrographs.
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NACA
C.7291%
11-2.44
Metallographically polished
Figure 5. - Typical taper sections. Horizontal, X100; ver-

tical X2500.
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Figure 6.—Deep-etched Inconel. Electron micrograph of a methyl methacrylate-silica replica.
X 10,000.

Figure 7.—Stereoscopic electron micrographs of a polyvinyl formal resin replica of steel polished on

000 metallographic paper. X 2500.

NACA
C-7290
11-2-44

Figure 8.—Stereoscopic electron micrographs of a polyvinyl formal resin replica of an unworn portion

of Wright aircraft cylinder barrel. X 5000.




NACA ARR "No. E5A05a Fig. 9
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Figure 9. - Diagram of tracer point traversing a hypotheti-
- cal surface.
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Figure 10.

- Optics of the system used to prepare stereo-
graphs for testing the aerial-mapping contour
finder.

NACA
C-7261
10-31- 44

Figure 11. - Stereographic pair used in testing the aerifal-

mapping contour finder.
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